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Abstract To investigate how gait influences the per­
ceived intensity of cutaneous input from the skin of the 
foot, the tibial or sural nerves were stimulated at the an­
kle during walking or running on a treadmill As com­
pared to standing, the detection threshold for these stim­
uli was raised by more than 30% during the locomotion 
fasks. D uring walking, there was a phase-dependent 
modulation in  perceived intensity of suprathreshold stim­
uli (1.5, 2, or 2.5xPT). Stimuli given just prior to footfall 
were perceived as significantly above average (Wilcoxon 
signed-rank test). In contrast there was a significant pha­
sic decrease in sensitivity for shocks delivered immedi­
ately after ipsi- and contralateral footfall. The amplitude 
of somatosensory evoked potentials (P50-N80 complex), 
simultaneously evoked .from pulse trains to the sural 
nerve and recorded at scalp level, was, on average, 62% 
of the level during standing. During gait, the amplitude 
af this complex was significantly smaller just after foot­
fall than the amplitude during late swing (MANOVA), It 
is suggested that the reduced sensation and the decreased 
evoked potentials after touchdown may be due to occlu­
sion or masking by concomitant afferent input from the 
feet. O n the other hand, the phasic increase in sensitivity 
at the end o f  swing is thought to result from a centrally 
generated facilitation of sensory transmission of signals 
in anticipation of foot-placing.
J. Duysens ( S )  • A. A. M. Tax * S. Nawijn 
Department of Medical Physics and Biophysics,
University of Nijmegen, Geert Grooteplein Noord 21,
5^25 EZ Nijmegen, The Netherlands 
Fax: 080-541435
W. Berger
Department of Clinical Neurology and Neurophysiology,
University of Freiburg, Hansastr. 9,
D-79104 Freiburg, Germany
I  Prokop
Neurologische Universitätsklinik,
NTeurozenîrum -  Gangmotoriklabor, Breisacherstr. 64,
D-79L06 Freiburg, Germany
E. Altenmüller
öeparlment of Neurology, University of Tübingen, 
Hoppe-Seyler-Str. 3, D-72076 Tiibingen, Germany
Key words Gait * Sural nerve • Sensory gating 
Somatosensory evoked potential • Human
Introduction
Control of movement often also implies control of the 
sensory input generated by the movement. A movement- 
induced decrease in sensitivity to cutaneous stimulation 
has been demonstrated by several authors (Angel et al. 
1985; Chapman et al. 1988; Coquery 1978; Dyhre-Poul- 
son 1978; Milne et al. 1988; Schmidt et al. 1990; for re­
view, see Prochazka 1989). However, most studies have 
concentrated on cutaneous sensation of the hand. In 
contrast, in humans little is known about the modulation 
of transmission from cutaneous afferents from the foot, 
although movement-related gating may be expected to 
occur at this level as well. During gait, for example, a 
large amount of afferent input is generated both from 
the skin which makes contact with the ground surface 
and from the skin which is being stretched by move­
ments of the limb (Duysens and Stein 1978; Loeb et al. 
1977). Not all of this massive amount of self-generated 
information needs to be processed consciously or has to 
be used in transcortical reflexes, since most of this input 
is highly predictable. One therefore can expect some fil­
tering of this information to occur in the somatosensory 
cortex or at a lower supraspinal level (Cohen and Starr
1987).
Single-unit studies have provided some evidence for 
such filtering. In the rat somatosensory cortex, Chapin 
and Woodward (1982a,b) found that all their SI cells had 
a decreased responsiveness to electrical stimulation of 
the skin of the palm during locomotion as compared to 
during rest. Similarly, in the cat motorcortex, Palmer et 
al. (1985) and Drew (1993) described units which did 
not respond to peripheral stimulation during locomotion, 
although they were responsive to this same stimulus 
when the animal was at rest.
In man, a similar gating of somatosensory cortical ac­
tivity has been observed during gait (Dietz et al. 1985).
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Active and passive pedalling movements attenuated the 
somatosensory evoked potentials (SEPs) elicited by sural 
and tibial nerve stimulation compared with stimulation at 
rest (Staines and Brooke 1993). During falling, a de­
crease in cortical evoked potentials (from median nerve 
stimulation) was described as well (Dietz et al. 1987). In 
the last study mentioned, the subjects reported a corre­
sponding reduction in the perception of the stimulus dur­
ing falling. For human locomotion, however, it is not 
known whether there is, as expected from the animal 
work, a decreased sensation of cutaneous stimuli from 
the foot throughout the step cycle.
In cat and rat respectively, Chapin and Woodward 
(1982b) and Palmer et al. (1983, 1985, 1986) found that 
there is also a phasic “gating” of sensory transmission 
during the step cycle. In both species, the responsiveness 
of cortical cells was at a minimum during early stance, 
when there is a peak of cutaneous afferent input due to 
footfall, which is a highly predictable event. In contrast, 
maximum responsiveness was found near mid-swing, 
possibly in preparation for unexpected obstacles encoun­
tered during this phase.
In humans, the question of whether there are also 
phase-dependent changes in sensitivity during the step 
cycle remains, The present experiments were designed to 
answer these questions.
Materials and methods
The experiments were of several types. In the first type the sub­
jects had bipolar stimulating electrodes placed over the left tibial 
nerve (halfway between the medial malleolus and the Achilles ten­
don). This is a mixed nerve, containing most afferents from the 
sole of the foot. Stimulation consisted of single pulses of 1 ms. 
The perception threshold (PT) was first determined with the sub­
jects standing. The intensity of the stimulation (from a constant- 
voltage stimulator) was varied in small steps in ascending and de­
scending series to determine ten threshold values for perception 
(each threshold being the mean of the last intensity perceived in 
the descending series and the first perceived in the ascending se­
ries). Then the measurements were repeated when subjects walked 
on a treadmill at 4 km/h. The stimuli were given either during 
mid-swing (ten thresholds) or during mid-stance (ten thresholds). 
The treadmill was then stopped and the thresholds (»=10) were 
again measured while the subjects were standing. Both during 
walking and during standing the stimulus application was varied 
such that the subjects could not predict the occurrence of the stim­
ulation. There were at least three step cycles without stimulation 
between trials.
For the second and third type of experiment, adult subjects 
were tested with the same type of stimulation electrodes, but this 
time positioned at the ankle over the left sural nerve (a pure cuta­
neous nerve, running near the middle of the distance between the 
external malleolus and the Achilles tendon). The second experi­
ment, done on ten subjects, was aimed at the detection of the 
threshold during standing and running. The third experiment, done 
on the same group plus three additional subjects (total of 13, all 
male except one; mean age 29 years, SD 6.8; range 23-44), was 
designed to study phase-dependency. The second and third experi­
ment were separate experiments but performed on the same day. 
The stimulation consisted of a train of five rectangular pulses of 
1 ms, given over a period of 20 ms. These shocks were first ap­
plied while the subjects were standing on the treadmill. The per­
ception threshold was determined by gradually increasing and de-
creasing the stimulus intensity in at least three series. The whole 
procedure was repeated between all experimental runs to ascertain 
that stimulus conditions were stable. When a slight shift in PT oc­
curred, the averaged threshold over the pre-and posttrial session 
was determined and used as a reference for that session. During 
the first 30-60 min of the experiments, there was usually a slow 
decrease in PT, but later measurements were generally stable.
During the experimental runs, stimulus trains were given in 
some phases of the step cycles at a predetermined delay after foot­
fall while subjects were running at 8 km/h. For experiment 2 the 
stimuli were given in the middle of the stance and swing phases. 
For experiment 3 the shocks were delivered at 16 different phases 
of the step cycle. For delays during the first half of the step cycle, 
the ipsilateral footfall (as measured with a built-in force-plate) was 
used as a trigger, while for delays during the second half of the cy­
cle the contralateral footfall served as reference. The different de­
lay conditions were randomly mixed, A period of one or more step 
cycles without stimulation always preceded the stimuli. To avoid 
the subjects predicting the stimulus trains, the interval between 
trains was randomly varied with periods ranging between 2 and 
5 s. For the second experiment the stimuli were at eight different 
intensities, ranging from 1.3 to 2.8xPT. For the third experiment 
the shocks were either at 0 (“controls”), 1.5, 2, or 2.5xPT. The 
stimuli were delivered at one of a series of 16 intervals, spread 
evenly over the step cycle period. At least ten responses for each 
type of stimulus condition (with a given fixed intensity and delay 
after trigger) were sampled. The control trials (OxPT) were 
matched for timing of stimulation and they were simply obtained 
by giving a series of “dummy” stimuli (the output to the stimulator 
being blocked). The purpose of these controls was to check for 
false positives (subjects pressing the transducer consciously or 
subconsciously in the absence of stimulation). Ail 640 trials (64 
conditions, including 3 intensities and 1 control at one of 16 phas­
es in the step cycle) were presented randomly, except for the first 
series of stimuli, which were given in ascending order.
To ensure that the stimulus conditions remained constant 
throughout the experiment, the stimulating electrodes were firmly 
held pressed over the nerve with an elastic strap. A custom-made 
constant voltage stimulator, controlled by a PC, provided the de­
sired voltage levels, However, since there may be small changes 
in impedance during movement, it was essential to monitor the 
current produced in each stimulus trial, since this current may be 
expected to vary with changes in impedance. An integrator circuit 
was built to prolong the current signal, thereby facilitating its 
measurement. Due to the very stable placement of the electrodes 
during running, the amount of current was little affected by the 
timing of the stimulation within the step cycle. Large variations in 
current could always be related to insufficient fixation of the elec­
trodes.
The subjects were told that they were to receive electrical stim­
uli. They were instructed to press a hand-held force transducer af­
ter each stimulus train. They were asked to scale the exerted force 
with respect to the perceived intensity of the electrical stimuli. Pri­
or to the main experiments, the subjects were given some exam­
ples of stimuli to make them familiar with the range of stimuli em­
ployed.
In the fourth and last experimental condition, SEPs were re­
corded in 15 subjects during stance and during walking (4 km/h) 
following sural nerve stimulation in three different phases of the 
step cycle (216 ±8 ms and 65 ±10 ms prior to footfall, and 77 
±10 ms after touchdown). SEPs were recorded over frontal (Fz), 
central (Cz), and parietal (Pz) regions (according to the 10-20 
system) with linked mastoid reference. The electro-oculogram was 
recorded to control for artifacts. The stimulation procedure was 
the same as described for experiments 2 and 3, but with reduction 
to three different conditions and 2xPT, with the contralateral foot­
fall used as a trigger. A total of 130 responses (standing) and 390 
responses (walking) were sampled for each condition. The same 
number of controls (both at rest and during walking) without elec­
trical stimulation were used for subtraction from the correspond­
ing trials with real stimulations. At the end of the experimental 
run, lasting for about 2.5 h, subjects were asked for their percep-
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Fig. 1 Dependence of the perceived intensity on current intensity. 
The responses to stimuli at 1.5, 2, and 2.5xPT, delivered in one of 
16 phases of the step cycle, were averaged (/i=I0) and plotted 
jgainst the mean current used. To correct for the variations in cur- 
ititt at any of the three voltage levels, the individual points were 
'tufted parallel to the regression line through all data until they fell 
'‘Ei the vertical stippled lines, representing the mean currents for the 
uimuli given at the three intensity levels (see text for explanation). 
The data were normalized with respect to the maximum value ob­
tained either in this test or in experiment 2 (which explains why 
’.here is no data point for the 100% perception value; in fact, in this 
:ase the maximum response was obtained in experiment 2)
:ion of stimulus intensity during the different phases of the step 
cycle.
*
The experiments were performed in conformity with the prin­
ciples described in the declaration of Helsinki for experiments on 
numans. All subjects gave their informed consent and they could 
^op the experiment at any given point.
Data analysis
Data (footfall, hand-force responses, stimulus current) were sam­
pled in a time interval starting 100 ms prior to stimulation and 
lasting for 1600 ms. All signals were stored on a hard disk. The
>n-line inspection of the data was performed on a separate moni­
tor.
The record of hand force showed peaks which were both posi­
tive (when the subjects pressed) and negative (due to overshoot 
luring release). To measure the positive response peaks in the 
iiand-force record, the positive integral was calculated over the pe­
riod between 100 and 1500 ms after onset of stimulation. Hence 
?oth ihe duration and the amplitude of the response contributed to 
Jie peak measurement. Several subjects tended to exert a slight 
Positive pressure at the times of ipsilateral or contralateral footfall, 
e^ en when no stimulation was given. To correct for this artifact, 
¡he positive “pseudoresponse” from the control trials was mea- 
red and subtracted from the responses to the real stimulations 
iiven at the corresponding phases of the step cycle.
 ^ Stimulus current was measured (positive integral) in a 5-ms 
.vindow starting just after onset of stimulation. In some subjects 
■ jhere was a decrease in current near the periods of ipsi- or contra- 
•aleral footfall (presumably due to small movements of the stimu­
lating electrodes). When such variations in current appeared they 
■vere usually visible for the three intensities used but largest for
the highest intensity (2.5xPT). To correct for these variations in 
current, the following procedure was used (Fig. 1).
For each subject, the averaged (n= 10) perceptual responses 
were calculated as a percentage of the maximum response (at any 
given stimulus intensity in any test on the subject) and plotted 
against the current used (percentage of maximum) for all the stim­
ulus conditions (three intensities, 16 phases). Then a linear regres­
sion was calculated and the data points were shifted along, or 
parallel with, this linear regression axis to one of three lines corre­
sponding to the mean currents measured for the three intensity 
levels used. The corrected perceptual responses thus represent in­
terpolated values for the ideal condition when all currents for the 
different phases would correspond to the mean current for a given 
stimulus intensity.
The electroencephalographic (EEG) data were monitored and 
after amplification (FM-microvolt amplifier, time constant 0.1 s, 
bandwidth 1-200 Hz) transferred to a computer system (pyramid 
386). The data were sampled via A/D converter at 500 Hz and dis­
played on a screen. Means were taken (n=390 for each phase se­
lected from the step cycle and /?=130 for the condition with stand­
ing) from 100 ms prior to the stimulus to 700 ms after the stimu­
lus, using a digital coded trigger. This was done for conditions 
both with and without stimulation, to be able to obtain subtracted 
traces. For further processing by the computer system, the laten­
cies and amplitudes were measured of the N40 (most probably due 
to subcortical origin) and P50 -  N80 peaks (complex of cortical 
origin). The different latencies and wave forms as compared to the 
SEPs evoked by tibial nerve stimulation are presumably due to dif­
ferent fiber composition. The variations of the P50-N80 ampli­
tudes were taken to evaluate the phase-dependent modulation of 
the responses. All data were expressed as percentages of the SEP 
amplitude during standing (100%). For the SEP a MANOVA was 
applied to the results obtained in the three different walking condi­
tions. The statistical analysis was performed using the SPSS pack­
age. Either a Wilcoxon matched-pairs signed-rank test (psycho­
physics data) or a Student's i-test (evoked potentials) was used. 
Unless stated otherwise, the term “significant” is used for P<0,05.
For all but three subjects, the largest amplitudes were found at 
Cz (side differences and further differences in scalp distributions 
and wave forms will be discussed in detail elsewhere in a subse­
quent paper, as the main interest here was the gating of the 
P50-N80 complex).
The data on latencies and amplitudes were subjected to repeat- 
ed-measures ANOVA. For each subject the condition (four levels: 
stance, middle swing phase, late swing phase, and early support 
phase) and location (11  levels according to each electrode posi­
tion) were tested. In order to detect differences in topographic dis­
tributions rather than in amplitude, data were normalized and AN-
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OVA was repeated on these normalized values. Main effects 
(“condition” and ‘'location”) and interactions (conditionxlocation) 
were calculated. Post hoc testing of effects in single electrode lo­
cations involved contrast analyses with different conditions as 
contrasts. Since this particular process applies multiple r-tests, the 
P-values were Bonferroni-adjusted.
Results
For the first experiment, a series of 82 subjects (all sub­
jects were medical students aged between 21 and 
29 years, with more than half of them female) were test­
ed for shifts in perception threshold during walking as 
compared to standing. The detection threshold in these 
subjects was determined for shocks given either during 
walking (4 km/h) or during a period of standing prior to 
and after the walking sequence (see Materials and meth­
ods). The threshold during walking was significantly 
above control levels (mean 1.34 times the threshold dur­
ing standing; SD 0.26). In contrast, there was no signifi­
cant difference between control conditions before and af­
ter walking or between the mid-stance and mid-swing 
conditions. The variability of the measurements was not 
significantly different between standing and walking (SD 
26% and 27% of mean, respectively).
After having established that a rise in detection 
threshold occurs during gait in a large sample of sub­
jects, a similar but more elaborate experiment was per­
formed in which both threshold and suprathreshold stim­
uli were tested quantitatively on ten subjects. To test the 
generality of the findings, stimulation of the sural nerve 
instead of the tibial nerve was used and subjects ran in­
stead of walking. A typical result from one subject is 
shown in Fig. 2,
Stimuli which were at threshold during standing were 
not perceived during gait. However, stimuli at and above 
1.3xPT (as determined during standing) were perceived 
and scaled. Similar curves were obtained for all ten sub­
jects, one for mid-stance and one for mid-swing stimula­
normalized perception
120
0,8
intensity (xPT)
Fig. 2 Level of perceived intensity as a function of stimulus 
strength for stimuli given in the middle of the swing phase in a 
single subject. All data points are means of ten trials
tion. The thresholds were not significantly different be­
tween these two phases tested. The mean threshold for 
the 20 experiments was 1.32xPT (SD 0.2). The scaling 
ability was only tested during gait. Hence it is not possi­
ble to state whether the subjects were less able to scale 
during locomotion. However, the present data can be tak­
en as evidence to support the finding that scaling ability 
is not deficient during movement (Chapman et al. 1987; 
Pertovaara et al. 1994; Post et al. 1994).
Since only two phases were tested in the previous two 
experiments, the question remains whether phase-depen­
dent effects could not be found if more phases were test­
ed. To investigate this phase-dependent modulation of 
cutaneous sensation during running, a third series of ex­
periments was done (on 13 subjects during 16 experi­
mental sessions). Sural nerve stimuli were used, which 
were precisely timed to fall in one of 16 phases of the 
step cycle (see Materials and methods). Stimuli were 
given at three intensity levels, corresponding to 1.5, 2, 
and 2.5xPT during standing. The aim of using these 
three levels was to investigate whether any phase-depen­
dent effects were intensity dependent. All subjects were 
able to discriminate between the three levels (see also 
Fig. 1), but five subjects were unable to detect reliably 
the 1.5xPT stimuli given at any phase of the step cycle of 
running. The latter result confirms that running caused 
an increase in the detection threshold for weak electrical 
stimuli applied over the sural nerve.
The data on all subjects are summarized in Fig. 3 for 
the three intensities used (1.5, 2, and 2.5xPT in 
Fig. 3A,B, and C, respectively).
To obtain these plots, first the mean response was de­
termined for each subject and each intensity level and 
phase. This mean value was then subtracted from the 
mean response level for a given intensity of stimulation 
at all 16 phases of the step cycle. For each subject, the 
remaining “residual” was divided by the standard devia­
tion (of all residuals for a given stimulus intensity) to be 
able to normalize the data with respect to interindividual 
variability. These values were then averaged for all sub­
jects, yielding plots such as shown in Fig. 3.
It appears that stimulation at constant intensity was 
felt least intensely for stimuli given just after footfall 
(phase 1) and most intensely for stimuli given either near 
the end of the swing phase (phase 15 for stimuli at 1.5 
and 2.5xPT) or during stance (late stance for 1.5xPT; 
middle of stance phase for 2 and 2.5xPT). In general the 
pattern of modulation of the responses was similar for 
the three intensities of stimulation. The main difference 
was that during stance the period of optimum sensitivity 
differed slightly. Because of this similarity it was felt 
that the data from the three intensities could be grouped.
This yielded the summary plot of Fig. 4A, based on 
all data (except for the ineffective 1.5xPT conditions in 
five subjects, see above). It can be seen that the sensation 
of the stimuli was well below the step cycle mean for 
stimuli given at the onset of stance (either ipsi- or contra­
lateral). When tested with the Wilcoxon signed-rank test, 
the values for phases 1 and 9 were significantly different
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Fig. 3A-C Perceived intensity varies as a function of the time of 
¡cation of stimuli (1.5, 2, and 2.5xPT in A, B, and C, respec­
tively) within the step cycle. Sensation is expressed as mean devi­
ation from the mean sensation (residuals/SD, see Materials and 
methods). Data are means from all subjects (n -13, except in A for
I.SxPT, where five subjects without responses were excluded). In 
three subjects the test was done twice (hence a total of 16 experi­
ments were performed) and the mean of the two tests were taken 
to represent these subjects. In all plots, zero represents the mean 
nsation across all phases for all subjects.
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Fig. 4A, B Perceived intensity (A) and somatosensory evoked po­
tential (SEP; B) varies as a function of the time of application of 
stimuli within the step cycle. Sensation (A) is expressed as mean 
deviation from the mean sensation (residuals/SD). SEP amplitude 
(B) is expressed with respect to the mean SEP level during gait 
(zero corresponds to 62% of the SEP level during standing). Data 
are means from all subjects (n=13 in A, n=l5 in B)< The short ver­
tical bars indicate the transition between swing and stance phase
from the mean over the step cycle (for both PcO.Ol). 
These phases corresponded to the periods just following 
ipsi- and contralateral footfall, respectively (Fig. 4A). In 
contrast, stimuli given during the period preceding foot­
fall resulted in responses which were significantly above 
the mean (phase 15; P<0.05; Fig. 4A).
Evoked potentials
To investigate whether the phase-dependent modulation 
of the sensation was correlated with changes in cortical 
evoked potentials, a fourth type of experiment was done 
on a new series of 15 subjects (2 women, 13 men; 
23-38 years, mean 27.3 years). As it is not possible to
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Fig. 5 Example of averaged 
SEP following sural nerve 
stimulation in one subject. 
P50-N80 complex recorded 
at Cr Number of trials, 390 
during gait, 130 during stand­
ing. Subtracted traces were 
obtained after subtraction of 
an equal number of trials with­
out stimulation (control trials) 
from the raw averaged traces
Cz
50 ms after footfall
50^ V
Stimulus 100ms
record such potentials reliably during running, the tests 
were performed during walking (4 km/h).
Figure 5 shows an example of the subtracted respons­
es for one subject (averaged stimulated trials minus trials 
with no stimulation). The amplitude of the P50-N80 
complex of the SEP, evoked by stimuli at 2xPT, was sig­
nificantly larger during standing than during any of the 
conditions during walking (P<0.004 for the whole popu­
lation). During gait the responses were larger for stimuli 
given before touchdown than for the same stimuli given 
after footfall. Most of the changes in the P50-N80 com­
plex were caused by changes in the N80 component. For 
the whole group the amplitude of the N40-P50 complex 
did not decrease significantly from the swing to the 
stance phase. Latencies of the P50 component were sig­
nificantly longer during gait than during standing, while 
there was no significant shift in N40 or N80 components 
(MANOVA; Table 1). A further difference was seen dur­
ing the step cycle with increasing P50 latency from mid­
swing to the stance phase. The reduction in amplitude 
and the change in configuration of the P50-N80 com­
plex, along with a shift in latency, are consistent with a 
gating effect on cortical, not on subcortical, levels.
The data for the peak-to-peak amplitude of the P50- 
N80 complexes for the 15 subjects are summarized in 
Fig. 4B. Because of the large number of trials needed to 
obtain reliable SEPs during walking, only three phases 
were tested. Stimuli given at two phases prior to footfall 
(phases 13 and 15 in Fig. 3B) yielded averaged SEP am­
plitudes which were, respectively, 69% and 64% of the 
amplitude during standing. When expressed as a devia­
tion from the mean SEP level during gait, the amplitude 
of these SEPs was positive. This means that the SEPs 
were above average during these phases of the step cy­
cle, which corresponded to phases when the sensation 
was above average during running (compare phases 13 
and 15 in Fig. 4B with Fig. 4A).
Stimuli given just after footfall (phase 1), also yielded 
SEPs with an amplitude which was smaller (53%) than 
the amplitude during standing (100%). However, in this 
case, the SEPs were below the average during walking 
(Fig. 4B). Again this decreased SEP corresponded with a
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Fable 1 Latencies of components of somatosensory evoked po­
tentials (standing, 216 ms prior to footfall, 65 ms prior to footfall, 
77 ms after footfall)
Variable Condition Mean
(ms)
SD
(ms)
Cases
(n)
\T40
For entire population 41.6 5.3 54
Standing 1 38.6 2.6 9
216 ms prior to footfall 2 41.0 5.8 15
65 ms prior to footfall 3 42.5 4.9 15
77 ms after footfall 4 43.2 5.8 15
P50
For entire population 56.7 7.3 59
Standing 1 49.0 5.2 14
216 ms prior to footfall 2 55.3 5.0 15
65 ms prior to footfall 3 60.5 5.5 15
11 ms after footfall 4 61.4 6.3 15
N80
For entire population 84.0 7.8 59
Standing 1 80.4 8.9 14
2 íó ms prior to footfall 2 82.1 5.9 15
65 ms prior to footfall 3 85.8 5.7 15
77 ms after footfall 4 87.4 8.9 15
decrease in sensation level in the equivalent phases dur­
ing running (compare Fig. 3A with Fig. 4A). The differ­
ences between early stance and swing phase were signif­
icant (P<0.001), but no significant difference could be 
shown between the two conditions of the swing phase.
The perception of stimulus intensity could not be de­
termined during the latter experiments, since the squeez­
ing of the hand-held force transducer interfered with the 
SEP measurement. However, the subjects were asked af­
terwards in which phases the stimuli were felt most and 
least intensely. All subjects reported stimuli during 
stance to be least intense. Moreover, there was a tenden­
cy (9 of 15 subjects) to feel the stimulus most intensely 
just before touchdown.
Discussion
The first major finding of the present study is that during 
walking or running, as compared to standing, there is a 
general increase of 30% or more of the threshold for the 
detection o f  weak electrical stimuli, applied to nerves 
containing cutaneous afferents from the foot. As com­
pared to arm movements, this increase is smaller than the 
one observed by Chapman et al. (1987) on the forearm, 
where a shift of more than 100% was reported for the de­
tection of more than half of the stimuli presented. On the 
other hand, our reported increase was larger than the 
15-18% increment described by Milne et al. (1988) for 
the evaluation of the strength of stimuli at 2xPT, applied 
to digital nerves of moving fingers. Our finding that 5 
out of 13 subjects failed to detect stimuli at 1.5xPT during 
running is in agreement with the observation that human
subjects fail to detect electrical shocks at 1.5xPT, applied 
to the tip of a moving finger (Coquery 1978).
It seems likely that this general increase in threshold 
is due to decreased transmission of cutaneous afferent 
signals to the cortex. Dietz et al. (1985) found that cere­
bral potentials, activated by electrical stimulation of the 
tibial nerve at the ankle or by mechanical perturbation of 
the foot, were reduced considerably during gait as com­
pared to standing. This is now confirmed with the dem­
onstration of a decrease in the SEP elicited from sural 
nerve during gait. It is important to point out that the P50 
component in the present study was obtained by stimula­
tion of the sural nerve and not of the posterior tibial 
nerve. It is known that sural nerve SEPs are delayed up 
to 10 ms when compared with tibial nerve SEPs, and this 
delay has been ascribed to different fiber compositions 
of the two peripheral nerves, with pure cutaneous group
II afferents of the sural nerve having a lower conduction 
velocity than the group I muscle afferents of the posteri­
or tibial nerve (Burke et al. 1981). Moreover, the present 
stimulation consisted of a train of five rectangular, 1-ms- 
long pulses rather than of a single rectangular pulse of 
longer duration and higher intensity as used by most oth­
er studies.
For the upper limb, many more examples are avail­
able, demonstrating that evoked potentials are reduced 
during movement (Papakostopoulos et al. 1975; Ab~ 
bruzzese et al. 1981; Starr and Cohen 1985; Cheron and 
Borenstein 1987; Cohen and Starr 1987; Dimitrov et ah 
1989; Knecht et al. 1993).
Recordings from single cells from the somatosensory 
cortex have confirmed that there is a decreased sensitivi­
ty to cutaneous input in many of these cells during 
movement of the stimulated part (Jiang et al. 1991). In 
the cat, the responses of cells in the motor cortex to elec­
trical stimulation of nerves of the foreleg are reduced 
(D.M. Armstrong, personal communication), or even 
sometimes absent (Palmer et al. 1985) during gait as 
compared to standing.
The present experiments give no definite answer to 
the question of whether there was a difference between 
walking and running with respect to the shift in detection 
threshold, since different nerves were stimulated in the 
two conditions. Nevertheless, a large shift is not to be ex­
pected, especially for stimuli during the swing phase, 
since the latter phase varies little with the speed of loco­
motion. The degree of modulation of SEPs (e.g., Rush- 
ton et al. 1981; Rauch et al. 1985; Chapman et al. 1988) 
and perception (e.g., Angel and Malenka 1982; Schmidt 
et al. 1990) covaries with the speed of movement, but in 
the case of gait such speed changes are basically limited 
to the stance phase.
The second major result from the present study con­
cerns the phasic changes in sensitivity for cutaneous stim­
uli during the step cycle. These changes occurred for 
stimuli, ranging from 1.5 to 2.5xPT, which were well 
above threshold (as measured during standing) and which 
presumably activated mostly A-beta fibers. In a study on 
surgically exposed sural nerves of humans, Collins et al.
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(i960) found that to activate A-delta fibers the stimulus 
strength had to be 4-6 times the value for A-beta fibers.
The changes either in sensitivity or in evoked potentials 
described here for different phases cannot be explained by 
movement-induced variations in stimulus current. The 
current variations due to movement were small and the da­
ta were corrected for these variations. Moreover, some 
changes in perception (such as the increased sensitivity at 
end swing) occurred in phases when the current was most 
stable. It may be argued that even for constant currents 
one cannot be sure that the current to the nerve stays con­
stant. Some authors have controlled for this by using 
mixed nerve stimulation and monitoring of the M waves 
(Dietz et al. 1985; Yang and Stein 1990). So far all our 
previous results on reflex modulation, using mixed nerve 
stimulation (tibial nerve; Duysens et al. 1990, 1991, 1992, 
1993), have been completely compatible with the results 
obtained by other authors using the M-wave control meth­
od (Jones and Yang 1994; Yang and Stein 1990). The lat­
ter method cannot be applied to pure cutaneous nerves.
Finally, during our third experiment the reflexes were 
measured as well as the perception. Again, the modula­
tion of these reflexes (as will be published in a forthcom­
ing paper, see Tax et al. 1995) was fully compatible with 
the one observed by others, mentioned above (Yang and 
Stein 1990). Moreover, the amplitudes of the reflexes 
were not well correlated with the intensity of the sensa­
tion. For example, the amplitude of reflexes was smallest 
for stimuli given at the end of the swing phase. If this 
was due to a smaller current through the nerve, then it is 
difficult to explain that sensation was at a maximum for 
these same stimuli (see Fig, 4). At present, this increased 
sensitivity was observed for stimuli given some 75 ms 
prior to touchdown. In the rat, a phasic relative facilita­
tion of cortical responses to cutaneous stimuli has been 
observed for shocks given around 75 ms prior to footfall 
(Chapin and Woodward 1982b, their Fig. 5). In the cat 
motor cortex, the facilitation seems to occur more dif­
fusely throughout the swing phase (Palmer et al. 1985), 
but for the climbing fiber-evoked potentials in the cat 
cerebellum the amplitudes were “invariably largest in 
mid- to late swing” (Lidierth and Apps 1990).
The decrease in sensitivity, along with smallest SEP 
amplitudes, was largest for stimuli given just after touch­
down. This decrease is entirely consistent with the de­
creased responsiveness of cortical units in both cat and 
rat (Palmer et al. 1985; type B cells in Chapin and 
Woodward 1982b) and of cerebellar field potentials in 
cats (Lidierth and Apps 1990). During this period of the 
step cycle, a large amount of cutaneous input is generat­
ed in the foot (Loeb et al. 1977; Duysens and Stein 
1978) and it thus seems quite possible that either occlu­
sion or masking lies at the basis of the observed reduc­
tion in sensitivity.
A second period of decreased sensitivity was ob­
served during the early swing phase. The ipsilateral 
phases 9 and 10 coincide with the period just following 
contralateral footfall, and hence it is tempting to link the 
observed decrease in sensitivity to masking by afferent
input related to contralateral footfall. The evidence for 
this type of crossed masking is limited. Dyhre-Poulsen 
(1972) reported that there was a significant decrease in 
the percentage of correctly detected vibratory stimuli ap­
plied to the finger when the contralateral index finger 
was flexed. However, similar contralaterally induced de­
crements in sensitivity were not observed by others (Gar­
land and Angel 1974; Chapman et al. 1987). Coquery et 
al. (1972) found reduced SEPs during movements of the 
feet or of the fingers contralaterally to the site of stimu­
lation, while Cohen and Starr (1987) failed to confirm 
such contralateral effects.
Some of the effects described here, such as the phasic 
decreases in sensitivity just after ipsi- and contralateral 
touchdown, could be explained by interactions from si­
multaneously activated afferent input. For arm move­
ments, this type of explanation for decrements in sensory 
transmission has been supported by the observation that 
passive movements are almost as effective as active 
movements (Abbruzzese et al. 1981; Chapman et al. 
1987; Milne et al. 1988). The afferents, which are most 
likely to be involved in the suppression, are those from 
neighboring skin areas, since anesthesia of the latter 
eliminates the effects (Rushton et al. 1981; Schmidt et al. 
1990). A role has also been proposed for the la afferents 
(Abbruzzese et aL 1981).
Other effects, such as the relative increase in sensitivi­
ty just prior to touchdown, may have a central origin. 
Evidence for the existence of a central gating mechanism 
has come from several sources. Firstly, the effects of ac­
tive movement are usually stronger than those from pas­
sive movement (Papakostopoulos et al. 1975; Chapman 
et al. 1987, 1988). Secondly, the changes in sensitivity 
are present prior to movement (Coquery et al. 1972; 
Dyhre-Poulsen 1972).
For cat locomotion, Palmer et al. (1985) have suggest­
ed that a central pattern generator (CPG) could be re­
sponsible for the phase-dependent modulation of the cu- 
taneously evoked responses both of cortical cells and of 
motoneurons, since in both cases the amplitude of the re­
sponses did not depend on the neuron excitability. Dur­
ing the swing phase of human gait, the increased sensi­
tivity to cutaneous stimulation of the foot and the con­
comitant relative increase in the size of the SEPs could 
also be caused by a central command, but in humans the 
evidence for a locomotor CPG is limited (Roby-Brami 
and Bussel 1987). At any rate, such an increase seems 
functionally meaningful, since it would lead to an im­
proved detection of foot contact at touchdown.
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